ABSTRACT Background: Several studies showed that the waist circumference of US adults has increased over the past 25 y. However, because of the high correlation between waist circumference and body mass index (BMI; in kg/m 2 ) (r w 0.9), it is uncertain if these trends in waist circumference exceed those expected on the basis of BMI changes over this time period. Objective: We assessed whether the recent trend in waist circumference was independent of changes in BMI, age, and race-ethnicity. Design: We analyzed data from the 1999-2000 through 2011-2012 cycles of the NHANES. Results: The mean waist circumference increased by w2 cm (in men) and w4 cm (in women) in adults in the United States over this 12-y period. In men, this increase was very close to what would be expected because of the 0.7 increase in mean BMI over this period. However, in women, most of the secular increase in waist circumference appeared to be independent of changes in BMI (mean: 0.6), age, and raceethnicity over the 12-y period. We estimated that, independent of changes in these covariates, the mean waist circumference increased by 0.2 cm in men and 2.4 cm in women from 1999-2000 through 2011-2012; only the latter estimate was statistically significant. Conclusions: Our results indicate that, in women but not men, the recent secular trend in waist circumference is greater than what would be expected on the basis of changes in BMI. Possible reasons for this secular increase, along with sex differences, are uncertain.
INTRODUCTION
The prevalence of obesity, which is defined as BMI (in kg/m 2 ) $30 in adults in the United States increased from w15-35% between 1960-1964 and 2011-2012 (1, 2) . However, recent data indicated that this secular trend has either slowed or plateaued (1, 3, 4) . Although it is widely accepted that BMI is an imprecise indicator of body fatness, several studies showed that BMI is as strongly correlated with various metabolic complications as are more-accurate estimates of body fatness (5) (6) (7) .
However, BMI cannot assess the distribution of body fatness, and the adverse consequences of obesity may be most strongly associated with the amount of visceral fat (8) . Therefore, waist circumference has been considered to be a valuable measurement (9) , and many, but not all (10) , studies showed that waist circumference is either a better predictor of adverse health outcomes than is BMI or that it provides independent information on disease risk (11) (12) (13) (14) . National guidelines recommend the measurement of waist circumference in adults, particularly those with BMI between 25 and 35 (15) . However, the very strong correlation (r w 0.9) between BMI and waist circumference complicates the assessment of the adverse consequences of body fat distribution.
The waist circumference of adults in the United States and in several other countries has increased over the past 2 decades (16) (17) (18) (19) (20) (21) (22) , and some investigators concluded that these increases were at least partly independent of changes in BMI (17, 20, 21, 23) . These increases in abdominal obesity have been attributed to various factors, including changes in energy intake and physical activity, increased stress, differences in race-ethnicity, and endocrine disruptors (19, 20, 24) . However, it is not clear if these characteristics specifically influence abdominal rather than generalized obesity. It is also possible that most of the increase in waist circumference can be attributed to 1) secular trends in BMI over this period and 2) the strong association between BMI and waist circumference. A recent article presented mean waist circumferences and the prevalence of abdominal obesity in the NHANES from 1999-2000 through 2011-2012 (22) , and the current study extends these results. Our objective was to assess whether these secular trends were independent of changes that occurred in BMI.
METHODS
We used data from the NHANES from 1998 to 1994 (NHANES III) and the seven 2-y cycles conducted from 1999-2000 through 2011-2012 (25) . The NHANES used a multistage, stratified, cluster design to select a representative sample of the US civilian, noninstitutionalized population. The surveys received human subject research approval, participants provided informed consent, and procedures for the surveys were conducted in accordance with the ethical standards of the CDC. Analyses included men and nonpregnant women who were $20 y of age at interview and had measurements of height, weight, and waist circumference. Race and ethnicity were self-reported, and in this study, subjects were classified as non-Hispanic (NH) white, NH black, Mexican American, or other (which included Hispanics from other countries).
During the NHANES physical examination, weight, height, and waist circumference were measured in a standardized fashion (26) . BMI was calculated as weight divided by the square of height. Waist circumference was measured to the nearest 1 mm just above the iliac crest by using a steel tape. Obesity was defined as BMI $30.0, and abdominal obesity was defined as waist circumference .102 cm (in men) or .88 cm (in women) (15) .
All analyses accounted for the sample weights and sample design by using the survey package in R software (versions 3.0 and 3.1) (27, 28) . For estimates shown in Figure 1 and Supplemental Table 1 , obesity prevalences were age standardized to projected estimates of the 2000 US Census by using the direct method with age groups 20-39, 40-59, and $60 y; proportions of subjects in these age groups were 0.3966, 0.3718, and 0.2316 (29) . With the exception of Supplemental Table 1 , other analyses were restricted to the 7 examination cycles conducted from 1999-2000 through 2011-2012.
Sex-specific regression models were used to summarize the relation of waist circumference to BMI, which was slightly nonlinear, with each 1-unit increase in BMI associated with smaller waist differences at higher BMI. We accounted for this nonlinearity by modeling BMI (and age) with restricted cubic splines with 4 knots (located at the 5th, 35th, 65th, and 95th percentiles) (30) in all regression analyses. To summarize secular trends in waist circumference, we focused on a 7-level categorical variable for the study period with 1999-2000 serving as the reference category; waist circumference was predicted by using the study period, race-ethnicity, age, and interaction between age (linear term) and race-ethnicity.
To examine whether changes in waist circumference were independent of BMI, we included BMI in a second regression model that also included cross-product terms between BMI (linear term), age (linear), and race-ethnicity. We focused the difference between study-period effects in the 2 models (with and without BMI adjustment) for waist circumference (Figure 2 ). Similar models, but with a linear term for study year, were constructed to assess the significance of change in waist circumference from 1999-2000 through 2011-2012. These BMI-adjusted models also examined whether trends in waist circumference varied by sex (in the overall sample), race-ethnicity, or age by including various interaction terms with the year (such as year 3 sex) (Figure 3) .
To assess secular trends in abdominal obesity, we used Poisson regression (31) (32) (33) to estimate the RR for each 2-y cycle relative to 1999-2000 ( Figure 4 ). In contrast to logistic regression, Poison regression can directly estimate RRs (31). We followed a similar process to that used to examine differences in waist circumference across cycles, and we estimated RRs in 2 models, one not adjusted for BMI and one that contained BMI. These regression analyses were performed with the svyglm function of the survey package (28) , and although confidence intervals (CIs) estimated by Poisson regression can be conservative (31), we estimated SEs by using a quasi-Poisson model that estimated the variance of abdominal obesity from data (34) . We found that these SE estimates were almost identical to those obtained by jackknife replicate reweighting.
There were 1339 subjects (3.3%) who had measured BMI but were missing data for waist circumference. Initial analyses indicated that the probability of missingness was related to sex (higher in women) and race (higher in blacks) and was positively associated with both BMI (missing for w6% of subjects who had BMI $40) and age. To assess the potential impact of these missing measurements, we used the Amelia package (35) in the R program to generate multiple (m = 20) imputations in which missing waist data were estimated from BMI, dual-energy X-ray absorptiometry percentage of body fat, skinfold thicknesses, and other characteristics. The uncertainty of imputations were incorporated into the results by analyzing each imputation set and combining the 20 results (36) . We compared imputed estimates to results obtained by excluding missing values. Table 1 show mean, age-adjusted waist circumferences and BMI along with the prevalence of obesity in each study from 1999-2000 through 2011-2012. (To allow for an examination of trends over a longer period, Supplemental Table 1 also shows means of these characteristics in 1988-1994.) Between 1999-2000 and 2011-2012, mean waist circumference increased by w2 cm (men) and w4 cm (women), and mean BMI increased by 0.6-0.7. Over this time period, the prevalence of obesity increased by 7 percentage points in men and 3 percentage points in women. Differences were estimated by using a logistic regression model that included the study cycle as a 7-level categorical variable with 1999-2000 as the reference category. Black circles and solid lines denote estimates from models that included race and age, whereas open triangles are estimates from models that included BMI as an additional predictor. Age and BMI were modeled by using restricted cubic splines with 4 knots, and 2-factor (linear) interactions between age, BMI, and race-ethnicity were included in the BMI-adjusted model.
RESULTS

Figure 1 and Supplemental
FIGURE 3
Linear regression coefficients (95% CIs) showing the difference in mean waist circumference (after BMI adjustment) between 1999-2000 and each subsequent study in 20-to 39-y-old women (solid triangle and lines) and women who were $60 y of age (open triangles and dotted lines). All estimates were based on models that contained race, age, and BMI as predictors. As assessed by an age 3 year interaction term, the secular increase in BMI-adjusted waist circumference over the 12-y period decreased with age (P , 0.001) in women. Table 1 shows the relation of waist circumference to BMI and age in the entire sample. BMI and waist circumference were strongly correlated with the magnitudes of the associations being slightly stronger in men than women (Pearson's r w 0.93 compared with 0.91), but differences across race-ethnic groups were small and inconsistent. Magnitudes of correlations tended to decrease slightly with age but were $0.89 in each sex-age group.
Additional analyses indicated that the relation of BMI to waist circumference was linear up to BMI w40, but that additional BMI increases were associated with smaller increases in waist circumference. On the basis of observed associations in 1999-2000, we estimated that mean BMI increases from 1999-2000 through 2011-2012 would be expected to be associated with a 1.8-cm (men) or 1.3-cm (women) increase in waist circumference over this time period for a NH white 45-y-old (data not shown). In men, this expected increase was close to the observed 2-cm increase, but in women, the expected increase was substantially smaller than the 4-cm increase that was observed. Figure 2 shows mean (95% CI) differences in waist circumference from 1999 to 2000 (the referent category in the regression model) through each subsequent study after controlling for race and age (gray points). In men, the mean waist circumference increased until 2005-2006 but was subsequently stable, whereas the mean increase in women was generally monotonic. However, the inclusion of BMI as an additional predictor of waist circumference (triangles and dashed CIs) greatly reduced the differences in men and resulted in BMI-adjusted waistcircumference changes that ranged from 20. We also obtained very similar results in analyses that were based on multiple imputation of missing waist-circumference data; all BMI-adjusted waist circumference differences differed ,0.05 cm between nonimputed and imputed data.
As assessed by the areas between the x = 0 line and lines connecting either unadjusted or adjusted estimates in Figure 2 , we estimated that controlling for BMI accounted for 89% of the increase in mean waist circumference in men during this period. (The AUC obtained by integration was 17 cm 3 year for the model that did not control for BMI, whereas the BMI-adjusted area was 2.) In women, the comparable percentage reduction was 21%. Additional regression models that incorporated a single term rather than a categorical variable for study year indicated that the linear trend in waist circumference over the period was significant in women (b = 0.20/y, P , 0.001), but not men (b = 20.01/y, P = 0.40). As assessed by a sex 3 year Correlations were based on data for adults $20 y of age who were examined from NHANES 1999-2000 through 2011-2012. Note that the relation of waist circumference to both age and BMI was nonlinear. Correlations were assessed in linear regression models; all correlation coefficients were significant at the 0.0001 level. NH, non-Hispanic.
interaction term in a model that contained both men and women, the male-female difference in BMI-adjusted waist circumference change over the 12-y period was significant at the 0.0001 level. Note that we found very similar results when waist circumference was adjusted for weight rather than BMI; controlling for weight almost eliminated the secular trend in waist circumference in men but accounted for only w25% of the trend in women (data not shown).
Additional analyses in women indicated that secular increases in BMI-adjusted waist circumference decreased with age (P-age 3 year interaction term , 0.001). Figure 3 shows mean (95% CI) increases in BMI-adjusted waist circumference over the 12-y period in women who were 20-39 y of age (solid triangles and CIs) and those who were $60 y of age (open triangles and dashed CIs). Although there was no difference between the 2 age groups in 2001-2002 (mean waist circumference increases of 0.8 cm), subsequent levels differed substantially. For example, the mean, BMI-adjusted increase in waist circumference in 2011-2012 was w75% larger in younger women (3.2 cm) than older women (1.8 cm). In contrast to this interaction with age, there was no evidence that secular changes in waist circumference differed in NH white, NH black, and Mexican American women (P-interaction term = 0.70).
We examined whether secular increases in the prevalence of abdominal obesity on the basis of waist-circumference cutoffs .102 cm (in men) and .88 cm (in women) could be attributed to changes in BMI (Figure 4) . In Over the 12-y study period, the prevalence of abdominal obesity increased from w36% to 44% in men and 55% to 66% 
DISCUSSION
Our results indicated that, although waist circumference has increased by w2 cm (in men) and w4 cm (women) cm in adults in the US since 1999-2000, the increase in men was close to what would be expected because of the 0.7 increase in mean BMI over the 12-y period. However, in women, most of the secular increase in waist circumference was independent of changes in BMI, age, and race-ethnicity. After we controlled for race, age, and BMI from 1999-2000 through 2011-2012, the independent, secular increases in waist circumference were 0.2 cm (in men) and 2.4 cm (in women); only the latter result was significant. Note that, although our analyses focused on BMI, we also found that adjustment for weight accounted for almost all of the secular increase in waist circumference in men. Several studies have reported secular increases in waist circumference in both men and women in the United States (16) (17) (18) (19) (20) and other countries (37) (38) (39) (40) (41) (42) . Because of the strong correlation between BMI and waist circumference (r w 0.9), it was somewhat surprising that most of the secular increase in waist circumference in women in the current study was independent of changes in BMI. However, there is some evidence that the correlation between longitudinal changes in BMI and those in waist circumference are weaker than are cross-sectional correlations. For example, over a 5-y period, the correlation between weight change and waist circumference change was r w 0.70 in Australian adults (38) . This longitudinal study also showed that, although the annual rate of weight gain was greater between 1999 and 2004 than between 2004 and 2011, the rate of waist circumference increase was slightly larger in the second period (38) .
Relatively few of these investigators have attempted to determine whether secular trends in waist circumference are independent of BMI, and a recent study of waist-circumference trends in NHANES (22) did not consider the effects of changes in BMI. However, some investigators concluded that waistcircumference changes that have occurred between 1959-1962 (23) or 1988-1994 (17, 20) and more-recent NHANES cycles were, at least in part, independent of BMI. It was also concluded that there have been larger increases in waist circumference than BMI in adults in other countries (21) . We showed that trends in waist circumference from 1999-2000 through 2011-2012 were largely independent of those in BMI in women but not men. Furthermore, we showed that the largest secular increases in women occurred in 20-to 39-y-olds (P-age 3 year interaction , 0.001). The differing time periods and statistical methods across studies likely accounted for these differing conclusions.
For example, it may be problematic to combine waist-circumference data from the recent NHANES cycles with data from National Health and Examination Survey (NHES) I (1959-1962) (23) because measurement protocols differed. Although morerecent NHANES studies measured waist circumference just above the ilium (26) , the location in the NHES-I was midway between the iliac crest and lower edge of the rib cage (43) . The measurement at the superior border of the iliac crest was shown to be up to 1.7 cm greater in men and up to 5.6 cm greater in women than the midway measurements (44, 45) . This effect could have been further increased in regression models because the much-earlier data from the NHES-I would have had high leverage (influence) on estimates. It should also be noted that, although Walls et al. (20) emphasized 0.72-cm (in men) and 0.79-cm (in women) increase in BMI-adjusted waist circumference between 1988-94 and 2005-2006, there was no mention that adjustment for BMI accounted for most of the w5-cm (ageadjusted) increase in waist circumference over this period.
Several possible explanations were proposed for the observed trends in waist circumference (20, 23) , including changes in energy take, distribution of race-ethnicity, and prevalence of endocrine disruptors, physical activity, polycystic ovary syndrome (46) , use of antiobesity treatments (47, 48) , certain depressive symptoms (49), use of antidepressants (50) , sleep deprivation, and weight cycling. Furthermore, Björntorp (24) proposed that abdominal obesity is associated with a wide range of stress reactions, including various psychosocial and depressive traits. However, to account for the trends in waist circumference observed in the current study, it would have been necessary for a characteristic to 1) have a preferential influence on abdominal, rather than generalized, obesity, 2) have a greater effect in women, particularly those ,40 y of age, than men, and 3) have a sufficiently high prevalence so that it would result in population-level changes. It is uncertain if any of the postulated factors could meet these conditions. An additional complication in identifying the explanatory factor was that the relation of this characteristic to abdominal obesity is likely to be much weaker than is the association between BMI and waist circumference.
There were several limitations of the current study that should be considered in the interpretation of our results. Of eligible persons included in the analyses, 1339 (3.3%) were missing data for waist circumference, and we showed that the probability of missingness was related to BMI and other characteristics. However, analyses based on multiple imputation yielded results that were almost identical to those observed by simply excluding missing data. In addition, because we wanted to examine recent trends in waist circumference, our results may not be applicable to trends over longer periods. Because the morerecent NHANES cycles measured waist circumference just above the iliac, our results also apply only to this location, which has been characterized as being technically difficult to measure (51) . This measurement difficulty may, at least in part, account for why Bozeman et al. (52) showed that simple sex-specific equations could predict waist circumference very accurately, but prediction errors were much greater in women than men (3.9 compared with 0.3 cm) when the equations were applied to an external sample.
In conclusion, our results indicate that, in men, both BMI and waist circumference responded similarly over time to various environmental and lifestyle characteristics that have resulted in both characteristics having increased since 1999-2000. However, in women, mean waist circumference and the prevalence of abdominal obesity have increased substantially more than would be expected on the basis of changes in BMI. Our results suggest that it is possible that the adverse effects of secular trends in obesity, particularly in women, may be underestimated by using only BMI.
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